Abstract -Photoelectron emission from the Si surface has been studied with XPS and a-UPC (atmospheric Ultraviolet Photoelecton Counter). Adsorption of organic molecules with -OH group was observed on the HF-etched Si surface with XPS measurements. A-UPC measurements in the air showed the alternation of threshold photon energy for photoerrussion due to the persence of adsorption of -OH group. From those results, it is considered that space-chage layer formed on the Si surface influenced photoelectron emission. And this phenomenon can be observed effectively with a-UPC in the air.
INTRODUCTION
The performance of MOS devices can be affected by contamination during fabrication.
Organic impurities on the silicon wafer surface are supposed to cause defects in the oxide layer during the epitaxial growth processl} In order to reduce surface contamination and optimize the cleaning processes, surface analysis techniques are used effectively.
In this report, photoelectron emission from Si surface immersed in organic solvents was studied using x-ray photoelectron spectroscopy (XPS) and atmospheric ultraviolet photoelectron counter ~a-UPC)( Fig.1) A-UPC is a newly developed method to measure the intensity of photoelectron emission in the air }. Being exited with ultraviolet radiation (200 to 350nm), the photoelectron emission with low kinetic energy has information on the very surface layer.
EXPERIMENTAL
As shown in Fig.2 , a-UPC and XPS measurements were performed after etching in dilute hydrofluoric acid followed by immediate immersion in organic solvents. For comparison with those results, samples without HF etching or dipping in solvents were also measured with a-UPGXPS.
For these experiments,p-type, 9-12 f km, (100) oriented CZ silicon wafer s were used. Oxide layer was removed in 1 vol% HF diluted with deionized water for 60 sec. Immediately after being rinsed in running water for 3 sec, wafers were dipped and kept in methanol(CH3OH, dipole moment.t=1.69D) or ethanol(C2H5OH, µ=1.69D), or n-hexane(C6Ht4, µ=0D). After being taken out from organic solvents and being dried with Ar gas blow, samples for a-UPC were measured within 20 min and samples for XPS measurements were introduced into a All the beakers and a pair of tweezers used in this experiment were made of Teflon and washed in boiling sodium peroxosulfate solution to avoid as much organic contamination as possible.
The instrument of a-UPC was a RIKEN KEIKI model AC-1 equipped with a Xe UV lamp and a monochromator. The measurements were carried out in the atmosphere varying the incident UV energy from 4eV to 6eV.
XPS measurements were performed using a KRATOS model XSAM 800 with an Al Ka (1486.6eV) x-ray source (260W) under the operating pressure of 8x10-1~Torr and a PERKIN-ELMER model 5500MT with a monochromated Al Ka x-ray source (300W) under the same operating pressure. Several sets of spectra were taken varying the photoelectron take-off angle 9, which represents the angle between the normal to the sample plane and the detector, from 0° to 80°R ESULTS AND DISCUSSION a-UPC Fig.3 shows the photoelectron emission behavior from silicon wafers before and after HF etching, whereas Fig.4 shows that from samples immersed in organic solvents. In Fig.3 , for both samples, photoelectron intensity started increasing at the threshold energy of 5.0eV. This threshold energy represents the photoelectric work function of silicon surface. The HF-etched sample shows higher signal intensity than the sample without HF etching. This fact indicates that the number of emitted photoelectrons was increased by eliminating oxide film which retards electron emission. In Fig.4 , the threshold energy of the samples dipped in CH3OH and C2H5OH decreased to 4.4 eV, whereas samples dipped in n-C6H14 showed the same threshold energy as the as-etched sample. For comparison, silicon wafers without HF etching (with oxide layer) was also analyzed with a-UPC after the immersion in organic solvents. However, no significant change in photoelectron emission was observed due to the immersion. To ensure that there is no photoelectron emission from the organic solvents, filter paper immersed in solvents was measured with a-UPC. Consequently, no photoelectron emission was observed except that the background level rose slightly (-0.5 cps).
XPS X-ray photoelectron spectra were taken before and after different processes. Fig .5 shows Si 2p photoelectron spectra taken before and after HF etching. Closer observation was performed and shown in also Fig.5 using monochromated x-ray source for the sample after the etching. Fig.5 indicates that oxide layer was completely removed because only elemental Si peak(99.2eV) is observed and no oxidized Si peaks attributed to Si-O bond(102 eV) or O-Si-O bond(103.4 eV) were observed. Although 0 is spectrum was detected after HF etching, binding energy (532 eV) was different from that of Si02(533 eV). F 1s photoelectron spectrum was scarcely observed .
In Fig.6 , C is photoelectron spectra collected after immersing in organic solvents are shown together with a spectrum taken just after HF etching. On the Si surface n-C6H14-immersed after HF etching , C is with binding energy of 284.6 eV, attributed to (CH2)n was observed. It was previously reported that abundant hydrocarbon is present on the Si surface after HF etching3).Those C 1s spectra shown in Fig.6 are considered to contain contaminant hydrocarbon due to the HF etching. The samples dipped in CH3OH and C2H . OH show C is binding energy of 286.2 eV(C-OH bond) as well as 284.6 eV((CHZ)n). It is more obvious in the spectrum collected with monochromated x-ray source. These results indicate that molecules with -OH group adsorbed on Si surface without oxide layer . On the other hand, adsorption of n-C4H14 on Si surface is not so much because of the high vapor pressure . In order to make sure that putting the samples under a vacuum does not alter the photoelectron emission due to adsorption , a-UPC measurements were performed once again after taking out the samples from a vacuum . Even the CH3OH-adsorbed and C2H5OH-adsorbed samples showed little alteration in photoelectron emission behavior after being taken out of a vacuum.
Flg.3 a-UPC photoelectron Intensity from silicon before and after HF etching Subsequently, Si 2p, C is, and 0 is spectra were measured varying the take-off-angle 9 from IC? to SO°in order to investigate the orientation of the adsorbed molecules. The samples dipped in CH3OH and C2H5OH showed some correlation between 9 and the area ratio of (O1s/Si 2p) and (C ls/Si 2p) as shown in Fig,7 . The smaller the photoelectron escape depth( Acos9; X represents the mean free path of photoelectrons ) is, the higher the O/Si and the C/Si ratios become. This result ensures that organic molecules are on the top of the Si surface. The area ratio of (O 1s/C is ) was also plotted as a function of cos8 in Fig. S . This figure reveals that 0 is located closer to Si than C is. Further investigation was carried out for the C2HsOH-dipped sample with monochromated x-ray source altering 9. Si 2p binding energy of 102 eV(attributed to Si-0) was observed at higher 9 value (Fig.9 ), From those results described above, CH3OH and C2H5OH molecules are supposed to be adsorbed on the Si surface partially forming a bond between 0 and dangling bonds of Si. It was reported that CH3O bound to the Si surface ' with a Sr-0 bond was identified with HREELS4)And the adsorption of HS-CnIi2n+i molecules on the Au surface with a Au-S bond was identified with IR . In this study, similar adsorption was observed. EFFECT OF ADSORPTION 0 As describe above, in the a-UPC measurements,Si wafers, etched in dilute HF, subsequently immersed in CH3OH or C2H5OH showed lower threshold energy of photoelectron emission than the as-HF-etched wafer. The XPS spectra revealed that organic molecules are bound to the Si surface with a Si-O bond. On the other hand, the n-C6Hi4-soaked sample did not show such phenomena. These results suggest that adsorption of molecules with -OH group which has dipole moment influences the electron energy state in the vicinity of the Fermi level. The mechanism of this effect are supposed as follows: Si(IOO) surface etched in dilute(" lvol%) HF is considered to be reconstructed forming Si-Si dimer with hydride termination 6}. Due to the difference of electronegativity between Si and H, Si at the very surface has positive electric charge. Then band bending at the Si surface occurs as a result of formation of a space-charge layer making the photoelectron emission threshold increase. When functional groups with negative electric charge, such as -OH group, approach Si, relaxation of band bending at the surface occurs decreasing the threshold energy of photoelectron emission.
H2O should also be considered as adsorbate, but Si 2p photoelectron peak attributed to Si-O bond was not observed after HF etching followed by deionized water rinse even with monochromated x-ray source at high 9 value. It is well known that HF-etched Si surface is hydrophobic. No 1120 adsorption was observed in this study either. However, hydrophilic CH3OH and C2H5OH adsorption was observed on the Si surface. This phenomenon could be explained by the difference of surface tension between H2O(72.75 dynJcm at 20°C) and CH3OH or C2H5OH( 22.27 dynJcm at 20t) . Interaction among HO molecules may be greater than that between H2O and Si, whereas the interaction among alcohol molecules is not so grate.
E ON PH TOELECTRON EMISSION CONCLUSION
A-UPC and XPS analysis provided the information about adsorption on the Si surface after various wet processes. The adsorption of organic molecules with dipole moment altered the photoelectron emission behavior from the Si surface. It was proved that the observation of adsorption can be effectively performed with a-UPC in the air.
A-UPC can be applied in semiconductor processing in order to optimize the surface treatment. This method is also expected to be useful for the estimation of wettability, because wettability is closely related to the dipole moment Binding Fnergy(eV) `--' Si2p photoelectron spectra from silicon dipped in C2H54H with variation of take-off angle (9) 
